GA is developing an integrated manufacturing process along with specialized tooling based on the USIPO requirements. An integrated management system utilizes proven risk management, configuration management, quality assurance, and earned value management tools to identify and manage program efforts. Regular interaction between the USIPO and GA teams review and address program issues. Formal Tooling Requirements Reviews (TRR), Preliminary Design Reviews (PDR), Final Design Reviews (FDR) and Manufacturing Readiness Reviews (MRR) for eleven (11) manufacturing stations are the key milestones in the tooling development phase of the program. Seven (7) CS Module deliveries are the primary milestones in the manufacturing phase of the program. The critical path for the tooling development phase is driven primarily by the Winding System design and fabrication, and the qualification of processes on a mockup of the CS Module. The manufacturing phase is driven by the delivery of the production conductor.
I. INTRODUCTION
GA has been under contract with the USIPO since July of 2011 to develop the manufacturing processes and tools to manufacture seven ITER Central Solenoid Modules. A single CS Module has approximately 6500 m of Nb 3 Sn cabled conductor in a stainless steel conduit and weighs approximately 110 tonnes. The USIPO is responsible for the design of the modules, with the Cable in Conduit Conductor (CICC) being manufactured by the ITER Japanese Domestic Agency (JADA) and shipped directly to GA in lengths of 930 m or 640 m. The longer length is used to form a sub-winding of six layers called a hexa-pancake with the shorter length forming a four layer sub-winding (quad pancake). When completed, each module has 560 turns arranged in 40 pancakes of 14 turns, consisting of six hexa-pancakes and one quad pancake. The coil is cooled by supercritical helium fed from the inside diameter of the module through twenty inlets. The outlets (19) are on the outside of the module in addition to the two leads.
II. PROGRAM MANAGEMENT
A Baseline Program Plan was developed to manage the Program. The Baseline Plan consists of a fully Integrated Master Schedule (IMS) and Cost Baseline. The schedule has over 2500 lines detailing the work for the base contract, which culminates in the manufacturing of a Mock-up Module to validate the processes and tools prior to initiating work on Nb 3 Sn conductor. Status is provided monthly to the USIPO using GA's Earned Value Management System (EVMS). Current cost and schedule information along with cost and schedule performance indices are provided along with Variance Analysis Reports to explain deviations from the Baseline Plan. Changes to the Baseline Plan are documented in 978-1-4799-0171-5/13/$31.00 ©2013 IEEE Baseline Change Proposals. Work in the EVMS is planned utilizing a rolling wave process where planning packages are converted from planning packages into detailed work packages 4-6 months ahead of the current month.
III. FACILITY PREPARATIONS
Extensive modifications have been made to an existing GA building in Poway, CA. The ITER CSM Fabrication team occupies a portion of a larger GA building. The ITER CSM manufacturing space consists of 6,000m 2 of high bay space with 1,500m 2 of offices. Due to the weight of the coils, the entire concrete floor was removed and replaced with 0.6 m thick of concrete to support the heavy CSM. Power for all of the process stations was routed under the concrete with the local distribution panels placed for each station. A total of 4000 amps at 480 volts provide the power to operate the workstations. Also added to the building was HVAC for the manufacturing space to keep the temperature constant during the production of the coils. GA installed three cranes, two gantry (15 and 25 ton) and one bridge crane (35 ton) to enable the manufacturing processes (Fig. 1) . A large loading dock was installed to allow for the completed modules to be loaded via an external mobile crane onto a truck for transportation to a shipping port. Due to the height of some of the planned manufacturing stations, an external metal building extension was added to provide an extra 3 m of vertical space capacity for the tallest workstations (Fig. 2) . Three process stations will be installed in this building extension, Reaction Heat Treatment, Vacuum Pressure Impregnation, and Final Test. The building modifications are now complete and process development efforts are being completed in the new space.
IV. MANUFACTURING PROCESS FLOW
The manufacturing workflow for a CS module has been developed. A total of 11 workstations are being designed and manufactured to produce a CS Module in approximately 22 months. The current schedule shows typically four coils in production at any time. The manufacturing plan will utilize a two-shift operation on critical stations working five days per week. It is anticipated that a 60 person technical staff will be required for the module manufacturing.
The coil module is oriented with the leads pointed down for most of the manufacturing processes. This allows the automated insulation wrapping of the module with the upper lead spread away from the coil. A common stand supports the coil and base plate at each station. The baseplate is lifted off the stand and travels with the coil to the next station. A transportation cart with air bearings is used to move the coil between the stations.
V. PROCESS AND TOOLING DEVELOPMENT
For the 11 workstations under development, a defined process is being utilized. Each workstation is reviewed at a Tooling Requirements Review, a Preliminary Design Review, and a Final Design Review. Prior to starting production on the Mockup Coil, a Manufacturing Readiness Review must be completed and accepted. The production of the mockup coil at a station, is the final qualification step prior to authorization to proceed with the manufacturing of Module 1. Each station is qualified and authorized serially as the mockup is completed at that workstation.
For each station, the design of the tooling is performed in parallel with process development. The process development efforts are focused on demonstrating the critical processes to reduce technical or schedule risk.
Conductor Receiving Station: At this station, the conductor is received from the Port of Long Beach after arriving on the ship from Japan. The conductor is inspected for damage and the internal pressure of the conductor validated. The conductor is loaded onto a specialized cart where it is towed to the Winding Station to start manufacturing.
Winding Station: At the Winding Station, the delivered CICC is straightened, sandblasted to roughen the surface, and formed into hexa or quad pancakes consisting of six or four layers of 14 turns. Each hexa pancake weighs nearly 16 tonnes and forms the basic building block of the module. The Winding Station is being designed and manufactured by Tauring Group SpA in Torino, Italy, whose expertise is CNC three roll forming machines. The design is complete (Fig. 3) and manufacturing of the station has started. The system will be demonstrated at a factory acceptance test utilizing simulated conductor. In development of the system, several demonstrations have been performed including forming a half size three turn coil fully automatically and demonstrations of CNC forming on empty full size jacket segments of several turn segments.
Termination and Joint Preparation Station: The ends of the wound hexa or quad pancakes are prepared at this station for either a joint or for the coil terminals. The stainless steel jacket is removed from around the cable over the prescribed length by machining a slot along the length with a depth 1mm less than the wall thickness of the jacket. The final 1 mm is fractured using a hydraulic tool minimizing the risk of damaging the cable with the mill. The weld preps are machined into the ends of the jacket to prepare them for the joint. The shorter of the two terminals is installed at this station by welding into place the right angle fitting to create the lead perpendicular to the bottom of the coil. For both the joints and terminals, the chrome on the surface of the strands is removed using a reverse plating process. The fundamental processes have been demonstrated in simulated geometries and conditions. The production tools are currently in the procurement cycle.
Stack and Join, Helium Penetrations Station: The hexa and quad pancakes are joined together creating a full size module weighing 110 tonnes. The top outer turn in the coil stack is raised and the bottom outer turn from next hexa pancake is lowered to provide access to make the joint. The joint is created by inter-twining the strands from each side and replacing the stainless jacket over the joint with welded split halves. The joint is leak checked prior to collapsing the coil into the stack. The tool is being designed by GA and will be manufactured by a production shop contracted by GA. The method of making the joint has been demonstrated in prototypic geometry and position to simulate the access for welding and measuring the distortions from welding. An automated welding process is being developed to perform the linear and orbital welds for the joints. The helium penetrations are also added to the coil at this station. There are 20 inlets on the inside diameter of the coil and 19 outlets on the outside of the coil. Each has a hole milled into the jacket and then a boss attached with a full penetration weld. Each weld is inspected and leak checked. The last operation completed at this station is completing the installation of the long lead and terminal from the top of the coil down alongside the outer diameter of the module.
Reaction Heat Treatment Station: To form the Nb 3 Sn for the superconductor, the coil must be heat treated per a specific cycle in an argon environment. The maximum temperature is 650º C for approximately 200 hours with the total station time of one month to prepare the coil, heat and then cool. To minimize the heat treatment time while meeting the temperature difference requirements during flat tops of the heat treat cycle, a convection furnace design was developed. Analysis has shown that with circulating argon, the temperatures throughout the module can be kept to less than 5º C differences. Seco-Warwick is currently under contract for the design and fabrication of the furnace system. The system has passed a Final Design Review and manufacturing is underway. The Furnace System will be located in the attached metal building. The top of the furnace lifts straight up with the bottom hemispherical head creating a hearth on which the coil is loaded. The top is then lowered and the chamber evacuated for an initial leak check. Several air exchanges are made alternating between vacuum and argon to achieve an environmental atmosphere of less than 10 ppm of oxygen. The delivery of the furnace system is scheduled for mid-2014.
Turn Insulation Station: At the turn insulation station, three separate insulation layers are applied. The first is a layer of half lapped 31.75 mm wide fiberglass tape. Second is a quench detection tape consisting of two 0.2 mm thick stainless steel ribbons in a 50 mm wide glass tape wrapped on a 70 mm pitch. The last layer is a co-wound Kapton and fiberglass 31.75 tape wrapped with a 50% overlap. After Heat Treatment, the conductor is limited to 0.1% strain. This drives important design parameters for the Turn Insulation Station. The Turn Insulation Station is being designed by GA. Ridgway Machines LTD is designing and building the automated tape wrapping heads to be used in the station. The process entails lifting the coil with a large steel structure and separating each turn from the winding pack and lowering it down after being insulated. Fiducial marks are transferred from the jacket surface to the outside of the insulation and these marks are used to reassemble the coil as it was wound at the winding station. Ridgway Machines has prototyped the wrapping head (Fig. 4) and is developing the processes to maintain the overlaps as required. Special areas around the terminals and the helium penetrations are manually insulated with specialized thermal formed polyimide shapes to provide the turn insulation between turns and layers of conductor.
Ground Insulation Station: Ground insulation is applied to all external surfaces of the coil at this station. The ground insulation design requirements are design voltage of 150 kV with a tracking distance of 175 mm. The multiple layers of glass and Kapton are designed to meet both of these requirements. The overlaps between the multiple layers provide the tracking distance. The insulation is laid on the coil and then compressed during the mold installation. Special insulation has been designed for the areas around the helium penetrations that integrate with the base ground insulation to meet the voltage and tracking distance requirements.
Vacuum Pressure Impregnation Station: The completed module is place in a mold evacuated and resin is back-filled into the mold. The mold is designed to apply compression to the ground insulation using steel plates conforming to the outside surfaces of the module. A space between the conformal plates and the outer cylinders where the helium pipes exist, is filled with a filler material to reduce the quantity of resin required. Tests have been performed at GA on subscale pieces of the mold and coil geometry to validate the impregnation of the coil. A larger 14 x 40 test of the impregnation was successfully performed by the USIPO, demonstrating the flow and penetration of resin in the module. The resin is injected at 50º C with jelling occurring at 90º C and full cure at around 120º C. The coil is heated volumetrically by DC current in the conductor. Heaters are applied to the outside of the mold to reduce heat loss to the outside, making the boundary essentially adiabatic.
Piping Station: Twenty inlet and 19 outlet pipes provide the connection between the helium penetrations on the coil and ring manifolds on the inside bore of the coil. Each pipe is electrically insulated with 6 mm of glass and Kapton providing the Ground Insulation. An electrical isolator is placed on each pipe adjacent to the manifolds. As each pipe is welded, a helium leak check is performed and then the weld joint is covered with ground insulation.
Final Test Station: GA is currently developing a conceptual design of a system to perform a 4º K full current test on each module. In addition, a global helium leak check is performed and a Paschen test at pressures ranging from 1 Pa to 10000 Pa. Babcock Noell GMBH is responsible for the chamber and the Paschen test system while GA has responsibility for the cryogenic system, quench protection system, and the power supply for the full current test.
VI. CONCLUSION
Design and development of the processes and tools to manufacture the ITER CS modules is in progress at General Atomics. The tools have progressed in many stations into the manufacturing phases. Critical procurements have been initiated to meet the schedule. In early 2014, production of the mockup coil will start by winding the first hexa pancake. It is anticipated that the first production module will start winding in mid-2014 after completion of the winding of the mockup. Production of a module takes approximately 22 months. A module is completed and ready for testing roughly every 4-5 months. 
